MicroRNAs are known to be involved in carcinogenesis. Recently, microRNA-372 (miR372) has been proven to play a substantial role in several human cancers, but its functions in liver cancer remain unclear. Herein, our results demonstrate that miR372 accelerates growth of liver cancer cells in vitro and in vivo. Mechanistically, miR372 enhances expression of Y-box-binding protein 1 (YB-1) by targeting for phosphatase and tensin homolog (PTEN) directly and consequently promotes phosphorylation of YB-1 via HULC looping dependent on ERK1/2 and PTEN. In particular, HULC knockdown or PTEN overexpression abrogated this miR372 action. Moreover, miR372 inhibits the degradation of b-catenin dependent on phosphorylation of YB-1 and then enhances the expression and activity of pyruvate kinase M2 isoform (PKM2) by b-catenin-LEF/TCF4 pathway. Furthermore, the loading of LEF/ TCF4 on PKM2 promoter region was significantly increased in miR372 overexpressing Hep3B, and thus, glycolytic proton efflux rate (glycoPER) was significantly increased in rLVmiR372 group compared to the rLV group. Moreover, b-catenin knockdown abrogates this function of miR372. Ultimately, miR372 promotes the expression of erbB-2 through PKM2-pH3T11-acetylation on histone H3 lysine 9 (H3K9Ac) pathway. Of significance, both YB-1 knockdown and erbB-2 knockdown abrogate oncogenic action of miR372. Our observations suggest that miR372 promotes liver cancer cell cycle progress by activating cyclin-dependent kinase 2 (CDK2)-cyclin E-P21/ Cip1 complex through miR372-YB-1-b-catenin-LEF/TCF4-PKM2-erbB-2 axis. This study elucidates a novel mechanism for miR372 in liver cancer cells and suggests that miR372 can be used as a novel therapeutic target of liver cancer.
INTRODUCTION
Recently, microRNA-372 (miR372) has been proven to play a substantial role in several human cancers. 1 For example, excessive miR372 promotes metastasis of oral and liver cancer. 2 Importantly, miR372 activates the nuclear factor kB (NF-kB) signaling and enhances autophagy in cancer cells. 3, 4 Moreover, a miR372/let-7 axis regulates human somatic cell and cancer cell fates. 5, 6 Studies indicate that miR372 inhibits the Ras homolog gene family member C (RhoC) 7 and p62 in human cancer cells. 8 In particular, repressing miR-372 by arsenic sulfide (As4 S4) could inhibit prostate cancer cell proliferation and migration. 9 However, the tumor-suppressing roles of miR372 were also found in some cancer cells, possibly via the downregulation of cyclin-dependent kinase 2 (CDK2) and CCNA1. 10, 11 Downregulation of ULK1 by miR372 inhibits the survival of human pancreatic adenocarcinoma cells. 12 In addition, interleukin-1b (IL-1b) upregulates miR-372 to inhibit spinal cord injury recovery. 13 miR-372 acts as a tumor suppressor gene by regulating p65 in prostate cancer (PCa), which may provide a strategy for blocking PCa metastasis.
14 Furthermore, circulating miR372 is a novel tumor biomarker for colorectal cancer (CRC) detection. 15 Moreover, miR372 suppresses tumor proliferation and invasion by targeting IGF2BP1 in renal cell carcinoma. 16 Furthermore, miR372 suppressed the expression of ATAD2, which was highly expressed in hepatocellular carcinoma (HCC) and exerted a proto-oncogene effect in hepatic carcinogenesis. 17 In this study, we indicate that miR372 accelerates malignant progression of liver cancer cells. Moreover, miR372 increases CTCF by targeting for phosphatase and tensin homolog (PTEN) and enhances erbB-2 through YB1-b-catenin-pyruvate kinase M2 isoform (PKM2) pathway. This study elucidates a novel mechanism for miR372 in liver cancer cells.
RESULTS

miR372 Accelerates Growth of Liver Cancer Cells
To validate whether miR372 influences malignant growth of human liver cancer cells, we first constructed two stable Hep3B cell lines by infecting with rLV or rLV-miR372. As shown in Figure 1Aa , the green was expressed in two groups. Compared to rLV group, both pre-miR372 and mature miR372 were significantly overexpressed in rLV-miR372 group (Figures 1Ab and 1Ac ). As shown in Figure 1B , excessive miR372 significantly increases the growth ability of liver cancer cell Hep3B compared to the control group (p < 0.01). Moreover, the bromodeoxyuridine (BrdU)-positive rate is significantly increased in rLV-miR372 compared to the rLV group (69.01% ± 6.38% versus 31.44% ± 2.53%; p = 0.008415 < 0.01; Figure 1C ). Furthermore, we performed colony formation assay and observed a significant increase in colony formation efficiency rate in rLV-miR372 compared to rLV control group (73.93% ± 10.08% versus 29.55% ± 4.38%; p = 0.0089 < 0.01; Figure 1D ). Furthermore, our finding also showed rLV did not influence proliferation ability of Hep3B (p > 0.05; Figure S1A ) and colony formation ability (33.26% ± 8.43% versus 34.38% ± 3.71%; p = 0.37746 > 0.05; Figure S1A ).
To further explore the effect of miR372 on liver cancer cells in vivo, the two stable Hep3Bs were injected subcutaneously into athymic Balb/C mice. As shown in Figures 1Ea and 1Eb , when miR372 was overexpressed, the xenograft tumor weight increases approximately eight-fold compared to the corresponding control group (0.08333 ± 0.07715 g versus 0.675 ± 0.037284 g; p = 0.00605 < 0.01). Moreover, compared to rLV group, xenograft tumors contain more poorly differentiated cells in rLV-miR372 group (Figure 1Ec ). Moreover, we performed the growth assay in vitro and in vivo in liver cancer cell line Huh7. We obtained similar results as Hep3B ( Figures  S2-S4 ).
Taken together, these findings demonstrate that miR372 accelerates malignant growth of liver cancer cells. The real-time PCR detection of mature miR372 in Hep3B cell lines infected with rLV and rLV-miR372, respectively, is shown. Each value was presented as mean ± SEM. **p < 0.01. (B) Cell proliferation assay was performed in 96-well format using the CCK8 cells proliferation kit to determine the cell viability as described by the manufacturer. Each sample was assayed in triplicates for 3 days consecutively. Cell growth curve was based on the corresponding relative values of OD450, and each point represents the mean of three independent samples. Data are means of value from three independent experiments; mean ± SEM. **p < 0.01 ; *p < 0.05. (C) Cell BrdU assay is shown. Data are means of value from three independent experiments; mean ± SEM. **p < 0.01; *p < 0.05. (D) (a) The photography of colonies from the cell lines indicated in left is shown. (b) Cell plate colony formation ability assay is shown. Data are means of value from three independent experiments; mean ± SEM. **p < 0.01; *p < 0.05. (E) (a) The photography of the xenograft tumors from Balb/C-null mouse injected with Hep3B cells transfected with rLV and rLV-miR372 subcutaneously at armpit is shown. (b) The xenograft tumor weight (gram) in the two groups is shown. Data were means of value from six BALB/c mice; mean ± SEM; n = 6; *p < 0.05; **p < 0.01. (c) A portion of each xenograft tumor was fixed in 4% formaldehyde and embedded in paraffin, and the micrometers of sections (4 mm) were made for H&E staining (original magnification Â100). To address whether miR372 could regulate CTCF dependent on PTEN in human liver cancer cells, we first perform the informatics analysis using MirTarget scanning soft and BLAST analysis. As shown in Figure 2A , mature miR372 matches 3 0 UTR on PTEN mRNA via eleven-seed sequence. As shown in Figure 2B , the PTEN 3 0 UTR luciferase activity was significantly reduced in miR372-overexpressing Hep3B cells compared to control group (5,681 ± 1,999.1 versus 87,488.7 ± 10,652.2; p = 0.00357 < 0.01). Moreover, the expression of PTEN was significantly decreased in miR372-overexpressing Hep3B cells compared to control group. However, the expression of PTEN was significantly increased in miR372-inhibiting Hep3B cells compared to control group (Figure 2C) . Furthermore, the transcription of CTCF was significantly decreased in PTEN-overexpressing Hep3B cells compared to control group ( Figure 2D) . Also, the expression of CTCF was significantly decreased in PTEN-overexpressing Hep3B cells. Strikingly, the expression of CTCF was significantly increased in miR372-overexpressing Hep3B cells compared to control group. However, the expression of CTCF was not significantly altered in miR372-overexpressing plus PTEN-overexpressing Hep3B cells compared to control group ( Figure 2F ). Collectively, our findings suggest miR372 targets for PTEN 3 0 UTR directly and increases CTCF expression by inhibiting PTEN in liver cancer cells. To address whether miR372 is associated with YB-1 in liver cancer, we analyzed YB-1 expression in miR372-overexpressing Hep3B cells. As shown in Figure 3A , chromosome conformation capture (3C)-chromatin immunoprecipitation (ChIP) with anti-RNA polymerase II (Pol II), anti-CTCF, anti-P300, and anti-CREB showed that miR372 promotes the formation of CTCF-mediated promoterenhancer DNA loop of YB-1 and triggers CREB, P300, and Pol II into the DNA loop. The assay of reporter gene showed excessive miR372 enhances the YB-1 promoter luciferase activity (19,771 ± 3,843.58 versus 94,530.7 ± 8,913.75; p = 0.00474 < 0.01; Figure 3B ). Ultimately, compared to rLV group, YB-1 mRNA was significantly increased in miR372-overexpressing Hep3B and decreased in Hep3B cells treated with miR372 inhibitor (Figures 3C and 3D ). On the other hand, YB-1 protein is significantly increased in miR372-overexpressing Hep3B and decreased in Hep3B cells treated with miR372 inhibitor ( Figure 3E ). Together, these observations suggest that miR372 promotes the expression YB-1 in liver cancer cells. Given miR372 enhanced the expression of YB1, we wonder whether miR372 is involved in phosphorylation of YB-1. To address whether miR372 may alter phosphorylation of YB-1 dependent on noncoding RNA HULC, we first consider whether miR372 influences on HULC in liver cancer cells. As shown in Figure 4A , compared to rLV, noncoding RNA HULC was significantly increased and the expression of PTEN was significantly decreased in rLV-miR372 group. Furthermore, compared to control, excessive miR372 increased HULC looping mediated by CTCF ( Figure 4B ). Moreover, excessive miR372 increased the YB-1 and ERK1/2 in the HULC looping. However, the PTEN was decreased in the HULC looping in rLV-miR372 group ( Figure 4C ). Thereby, compared to rLV group, the interplay between YB-1 and ERK1/2 was significantly increased and the interplay between PTEN and ERK1/2 was significantly decreased in rLV-miR372 ( Figure 4D ). Ultimately, excessive miR372 significantly increased the phosphorylation of YB-1. However, HULC knockdown or PTEN overexpression abrogated this miR372 action ( Figure 4E ). Taken together, our observations suggest that miR372 enhances the phosphorylation of YB-1 in human liver cancer cells Hep3B. To validate whether miR372 could regulate the expression of b-catenin dependent on phosphorylation of YB-1, we analyzed the ubiquitin modification of b-catenin in three groups, including rLV, rLV-miR372, and rLV-miR372 plus pGFP-V-RS-YB1 (YB1 RNAi). As shown in Figure 5A , the excessive miR372 enhances the interaction between b-catenin and pYB-1 compared to control. However, HULC knockdown completely abolished this action of miR372. In particular, the interaction between b-catenin and glycogen synthase kinase-3b (GSK3b) was weakened in rLVmiR372 group compared to rLV control group ( Figure 5B ). Moreover, compared to rLV control, excessive miR372 inhibited the ubiquitin modification of b-catenin ( Figure 5C ). Ultimately, compared to rLV group, the expression of b-catenin was significantly increased in rLV-miR372 group and the expression of b-catenin was not significantly altered in rLV-miR372 plus pGFP-V-RS-YB1. However, cells were incubated with 50 mM MG132, and the expression of b-catenin was not significantly different in these three groups of Hep3B cells infected with rLV, rLV-miR372, and rLV-miR372 plus pGFP-V-RS-YB-1, respectively ( Figure 5D ). Taken together, these observations suggest miR372 inhibits the degradation of b-catenin dependent on phosphorylation of YB-1. Given that miR372 enhanced the expression of b-catenin dependent on pYB-1, we wonder whether miR372 could influence on the expression and activity PKM2 through activating b-catenin in human liver cancer cells. As shown in Figure 6A , compared to rLV group, the interaction between b-catenin and LEF was significantly increased and the interaction between b-catenin and TCF4 was significantly increased in rLV-miR372 group. Moreover, Super-electrophoretic mobility shift assay (EMSA) (gel-shift) with biotin-LEF/TCF4 probe showed that excessive miR372 enhanced the binding of LEF/TCF4 probe to b-catenin compared to control. However, YB-1 knockdown fully abrogated this action of miR372 ( Figure 6B ). Furthermore, LEF/ TCF4 luciferase activity was significantly increased in rLV-miR372 group compared to the rLV group (6,381.3 ± 858.57 versus 15,542 ± 2,222.07; p = 0.00397 < 0.01; Figure 6C ). Strikingly, the loading of LEF or TCF4 on PKM2 promoter region was significantly increased in rLV-miR372 group compared to the rLV group (Figure 6D ). And the PKM2 promoter luciferase activity was significantly increased in rLV-miR372 group compared to the rLV group Figure 6F , both PKM2 mRNA and PKM2 protein significantly increased in rLV-miR372 group compared to the rLV group (p < 0.01). However, b-catenin knockdown fully abrogates this function of miR372. In particular, glycolytic proton efflux rate (glycoPER) was significantly increased in rLVmiR372 group compared to the rLV group (4.31 ± 1.27 versus 21.22 ± 4.49; p = 0.0061 < 0.01). However, b-catenin knockdown fully abrogates this function of miR372 (4.31 ± 1.27 versus 5.06 ± 1.63; p = 0.26551 > 0.05; Figure 6G ). Together, these observations suggest that miR372 enhances the expression and activity of PKM2 by activating b-catenin.
miR372 Promotes the Expression of erbB-2 Dependent on PKM2 Activity
It is well known that erbB-2 is an oncogene and highly expressed in several cancers. To validate whether miR372 could influenced on the expression of erbB-2 dependent on PKM2 activity in liver cancer, we performed related experiments in the Hep3B cell lines infected with rLV, rLV-miR372, and rLV-miR372 plus pGFP-V-RS-PKM2 (PKM2 RNAi). As shown in Figure 7A , the interaction between PKM2 and histone H3 was significantly increased in rLV-miR372 group compared to rLV group. Moreover, compared to rLV group, the interaction between HDAC and histone H3 was significantly decreased, and the interaction between HAT and histone H3 was significantly increased in rLV-miR372 group ( Figure 7B ). In particular, the expression of both pH3T11 and acetylation on histone H3 lysine 9 (H3K9Ac) was significantly increased in rLV-miR372 group compared to rLV group. However, the expression of neither pH3T11 nor H3K9Ac was significantly altered in liver cancer cells Hep3B cell lines infected with rLV-miR372 plus pGFP-V-RS-PKM2 compared to rLV group ( Figure 7C ). Furthermore, the loading of H3K9Ac on the promoter region of erbB-2 was significantly increased in rLV-miR372 group compared to rLV group ( Figure 7D ). Furthermore, the erbB-2 promoter luciferase activity was significantly increased in rLVmiR372 group compared to rLV group (6,269.33 ± 1,317.609 versus 83,809 ± 11,185.22; p = 0.00029 < 0.01). However, PKM2 knockdown fully abrogates this action of miR372 (6,269.33 ± 1,317.609 versus 6,942 ± 1,060.67; p = 0.2488 > 0.05; Figure 7E ). Finally, both the erbB-2 mRNA and erbB-2 protein were significantly increased in rLV-miR372 group compared to rLV group. However, the expression of neither erbB-2 mRNA nor erbB-2 protein was significantly altered in Hep3B cells infected with rLV-miR372 plus pGFP-V-RS-PKM2 compared to rLV group ( Figure 7F ). Together, the observations indicate that miR372 enhances the transcription and translation of erbB-2 dependent on PKM2 activity in human liver cancer cells.
Both erbB-2 and YB-1 Decide on the Oncogenic Function of miR372
Indeed, miR372 enhances the expression of erbB-2 through PTEN-CTCF-HULC-pYB1-b-catenin-PMK2 pathway. To identify whether miR372 oncogenic function is associated with erbB-2, we performed the rescued experiments in the three stable Hep3B lines infected with rLV, rLV-miR372, and rLV-miR372 plus pGFP-V-RS-erbB-2 (erbB-2 RNAi). As shown in Figure 8Aa , compared to rLV group, miR372 was overexpressed in groups of rLV-miR372 and rLV-miR372 plus pGFP-V-RS-erbB-2, respectively. And shown in Figure 8Ab , erbB-2 was increased in groups of rLV-miR372 and decreased in rLV-miR372 plus pGFP-V-RS-erbB-2 group compared to rLV group. Both CDK2 and DNMT1 were increased in groups of rLV-miR372; however, neither CDK2 nor DNMT1 is significantly altered in rLVmiR372 plus pGFP-V-RS-ErbB-2 group. Next, we performed the co-immunoprecipitation (coIP) with anti-CDK2 in these cell lines.
As shown in Figure 8B , the interaction between CDK2 and cyclin E is significantly increased in rLV-miR372 group compared to rLV group, and the interaction between CDK2 and P21/WAF1/Cip1 was significantly decreased in rLV-miR372 group compared to rLV group. However, erbB-2 knockdown fully abrogates this function of miR372 in Hep3B cells.
Then, we detected the ability of cell proliferation. As shown in Figure 8C , excessive miR372 significantly increased the growth of liver cancer cell Hep3B compared to the control cells (p < 0.01). However, excessive miR372 plus erbB-2 knockdown could significantly not alter the growth ability of liver cancer cells compared to rLV group (p > 0.05). Moreover, excessive miR372 significantly increased the BrdU-positive rate compared to the control cells (29.07% ± 6.96% versus 68.66% ± 11.47%; p = 0.013 < 0.05). However, excessive miR372 plus ErbB-2 knockdown could not significantly alter the BrdU-positive rate of liver cancer cells (29.07% ± 6.96% versus 31.54% ± 4.23%; p = 0.335 > 0.05; Figure 8D ).We Further performed colony formation assay and observed a significant increase in colony formation efficiency rate in excessive miR372 group (31.82% ± 2.63% versus 84.72% ± 8.26%; p = 0.006532 < 0.01). However, excessive miR372 plus erbB-2 knockdown could not significantly alter the colony formation rate of liver cancer cells (31.82% ± 2.63% versus 26.43% ± 4.70%; p = 0.162 > 0.05; Figure 8E ). Furthermore, the three stable Hep3B cell lines were injected subcutaneously into athymic Balb/C mice. As shown in Figure 8F , when miR372 was overexpressed, the average xenograft tumor weight increased approximately three-fold compared to the corresponding control group (0.497 ± 0.092 g versus 1.647 ± 0.2365 g; p = 0.0012 < 0.01). However, excessive miR372 plus erbB-2 knockdown could not significantly alter the xenograft tumor weight (0.497 ± 0.092 g versus 0.545 ± 0.171 g; p = 0.2419 > 0.05). On the other hand, when miR372 was overexpressed, the average xenograft tumor appearance time was decreased compared to the corresponding control group (9.83 ± 1.32 days versus 6.5 ± 1.52 days; p = 0.0044 < 0.01). However, excessive miR372 plus erbB-2 knockdown could significantly not alter the xenograft tumor appearance (9.83 ± 1.32 days versus 10.12 ± 2.14 days; p = 0.371 > 0.05; Figure 8G ). Moreover, as shown in Figures  8Ha and 8Hb , the expression of PCNA was significantly higher in miR372-overexpressing xenograft tumors compared to the control group (39.23% ± 6.61% versus 80.4% ± 9.15%; p = 0.0089 < 0.01). However, excessive miR372 plus erbB-2 knockdown could significantly not alter the PCNA positive rate (39.23% ± 6.61% versus 37.73% ± 4.86%; p = 0.157 > 0.05). Moreover, the expression of Ki67 was significantly higher in miR372-overexpressing xenograft tumors compared to the control group (22.7% ± 4.59% versus 47.77% ± 10.39%; p = 0.008704 < 0.01). However, excessive miR372 plus erbB-2 knockdown could not significantly alter the Ki67 positive rate (22.7% ± 4.59% versus 20.57% ± 2.57%; p = 0.1386 > 0.05).
Furthermore, in order to address whether YB-1 knockdown or erbB-2 knockdown influences the functions of miR372 in human liver cancer cell line Huh7, we first constructed four stable Huh7 cell lines, including rLV, rLV-miR372, rLV-miR372 plus pGFP-V-RS-YB-1, and rLV-miR372 plus pGFP-V-RS-erbB-2, respectively. As shown in Figure S3A , mature miR372 was significantly overexpressed in rLV-miR372 group, rLV-miR372 plus pGFP-V-RS-YB-1 group, and rLV-miR372 plus pGFP-V-RS-erbB-2 group, respectively, compared to control group. As shown in Figure S3B , compared to rLV Huh7 group, the expression of YB-1 and erbB-2 is significantly increased in rLV-miR372 Huh7 group, and the expression of YB-1 and erbB-2 is significantly decreased in rLV-miR372 plus pGFP-V-RS-YB-1 Huh7 group. In particular, the expression of erbB-2 is significantly decreased in rLV-miR372 plus pGFP-V-RS-erbB-2 Huh7 group but the expression of YB-1 not. Moreover, as shown in Figure S4A , the colony formation efficiency rate is significantly increased in rLV-miR372 Huh7 group compared to control (79.6% ± 9.6% versus 34.8% ± 6.46%; p = 0.0009 < 0.01). However, the colony formation efficiency rate is not significantly altered in rLV-miR372 plus pGFP-V-RS-YB-1 Huh7 group (31.6% ± 2.86% versus 34.8% ± 6.46%; p = 0.2489 > 0.05) and rLV-miR372 plus pGFP-V-RS-erbB-2 Huh7 group, respectively (29.8% ± 4.55% versus 34.8% ± 6.46%; p = 0.079 > 0.05). As shown in Figure S4B , the xenograft tumor weight is significantly increased in rLV-miR372 Huh7 group compared to control (1.075 ± 0.255 g versus 0.602 ± 0.199 g; p = 0.005 < 0.01). Figure S4C , the PCNA positive rate in xenograft tumor is significantly increased in rLV-miR372 Huh7 group compared to control (77.73% ± 12.61% versus 37.13% ± 8.43%; p = 0.0005 < 0.01). However, the PCNA positive rate in xenograft tumor is significantly not altered in rLVmiR372 plus pGFP-V-RS-YB-1 Huh7 group (34.58% ± 10.12% versus 37.13% ± 8.43%; p = 0.3527 > 0.05) and rLV-miR372 plus pGFP-V-RS-erbB-2 Huh7 group, respectively (32.72% ± 3.28% versus 37.13% ± 8.43%; p = 0.1903 > 0.05).
These results suggest that miR372 promotes cell growth, colony formation ability, and cell growth in vivo. However, both YB-1 knockdown and ErbB-2 knockdown fully abrogate this function of miR372. Taken together, both erbB-2 and YB-1 determine oncogenic function of miR372 in human liver cancer cells.
DISCUSSION
Recent studies have shown that miR-372 plays important roles in HCC progression. However, results have been conflicting regarding its expression levels and role in HCC. In the report, our findings indicated the effects of miR372 during hepatocarcinogenesis. Herein, our results demonstrate that miR372 promotes liver cancer cell cycle progress by activating cell cycle complex CDK2-cyclin E-P21/Cip1/ WAF1 through miR372-YB-1-b-catenin-LEF/TCF4-PKM2-erbB-2 axis (Figure 9 ).
To date, accumulating evidence indicates that miR372 results in a critical role in carcinogenesis and cancer metastasis. For example, miR372 expression correlates with prognosis and metastasis in hepatocellular carcinoma. 18 Herein, our findings demonstrate that miR372 accelerates malignant progression of liver cancer cells, including Hep3B and Huh7. These findings are noteworthy that miR372 is a key oncogene mediating various biological processes, including cell proliferation and differentiation.
Notably, our observations suggest that miR372 promotes the expression YB-1 by targeting PTEN directly. Our findings in this study provide novel evidence for an active role of miR372 in this action. This assertion is based on several observations. 1 miR372 targets for PTEN to increase the expression of CTCF.
2 miR372 promotes the formation of CTCF-mediated promoter-enhancer DNA loop of YB-1 and triggered CREB, P300, and Pol II into the DNA loop. 3 Excessive miR372 enhanced the YB-1 promoter luciferase activity. 4 YB-1 mRNA and protein was significantly increased in miR372-overexpressing Hep3B and Huh7 and decreased in Hep3B cells treated with miR372 inhibitor. It has been identified that YB1, which is overexpressed in many types of human cancers, is a multifunctional transcription factor with vital roles in proliferation, differentiation, and apoptosis. 19 In particular, YB1 is also involved in regulating G 2 /M phase by regulating multiple cell-cycle-related genes. 20 However, a report shows thatYB1 suppressed liver tumor growth and metastasis in a nude mice liver tumor model. 21 Also the upregulation of YB-1 expression activates the NF-kB signaling pathway. 22 Strikingly, YB-1 is related to cancer therapy. For example, human helicase RECQL4 drives cisplatin resistance in gastric cancer by activating an AKT-YB1-MDR1 signaling pathway 23 and the SHH:YAP:YB1:IGF2 axis as a powerful target for therapeutic intervention in medulloblastomas. 24 Also,YB-1 associates with thousands of nonpolyadenylated short RNAs (shyRNAs) that are further processed into small RNAs (smyRNAs). 25 Moreover, ENZ-induced HER2 overexpression was dependent on AKT-YB1 activation and modulated AR activity. 26, 27 Intrguingly,YB1/p32 interacts with Msx1 homeoprotein and functions as a regulator of C2C12 myoblast differentiation. 28 Thereby, YB-1 may decide the function of miR372 in hepatocarcinogenesis.
Furthermore, our observations demonstrate that miR372 enhances phosphorylation of YB-1 via increasing HULC and decreasing PTEN. Our findings in this study provide novel evidence for an active role of miR372 in this action. This assertion is based on several observations. In particular, HULC knockdown or PTEN overexpression abrogates the functions of miR372. A study shows that long non-coding RNA (lncRNA) HULC (highly upregulated in liver cancer) is involved in autophagy and chemoresistance of HCC 29 and modulates the phosphorylation of YB-1 through serving as a scaffold of extracellular signal-regulated kinase to enhance hepatocarcinogenesis. 30 Also, miR-372 has been shown to play a role in the regulation of HULC and PTEN through a competing endogenous RNA (ceRNA) mechanism. 31 Furthermore, the PTEN gene, an important tumor-suppressor gene, has been demonstrated to have the potential for inhibiting proliferation, migration, and invasion in various types of cancer cells through PTEN/Akt/mTOR pathway. 32, 33 Also, Plk1 phosphorylation of PTEN promotes tumorigenesis in both its phosphatase-dependent and independent pathways. 34 Moreover, a report shows that transforming growth factor b1 (TGF-b1) stimulates migration of type II endometrial cancer cells by downregulating PTEN via activation of SMAD and ERK1/ 2 signaling pathways. 35 In addition, MeCP2 facilitates gastric cancer cell proliferation through activation of the MEK1/2-ERK1/2 signaling pathway by upregulating GIT1. 36 Strikingly, our data suggest that miR372 inhibits the degradation of b-catenin dependent on phosphorylation of YB-1.This assertion is identified by several observations. (1) The excessive miR372 enhances the interaction between b-catenin and pYB-1; however, HULC knockdown completely abolished this action of miR372. (2) The interaction between b-catenin and GSK3b was weaken in rLV-miR372 group compared to rLV group. (3) Excessive miR372 inhibited the ubiquitin modification of b-catenin. (4) Ultimately, the expression of b-catenin was significantly increased in rLV-miR372 group compared to rLV group; however, the expression of b-catenin was significantly not altered in rLV-miR372 plus pGFP-V-RS-YB1 miR372 compared to control. A report shows that active canonical Wnt signaling results in recruitment of b-catenin to DNA by TCF/LEF family members, leading to transcriptional activation of TCF target genes. 37 And silencing of Glut1 induces chemoresistance via modulation of Akt/GSK-3b/b-catenin/survivin signaling pathway in breast cancer cells. 38 Also, diaphanous-related formin 3 (DIAPH3) promotes the growth, migration, and metastasis of HCC by activating beta-catenin/TCF signaling. 39 Furthermore, GSK-3b suppresses cancer by inhibiting Wnt/b-catenin signaling pathway 40, 41 and PI3K/Akt survival pathway. Moreover, our results indicate that miR372 enhances the expression and activity of PKM2 by b-catenin; the functions of miR372 promotion of liver cancer cell growth are explained by results from seven parallel sets of experiments. (1) The interaction between b-catenin and LEF was significantly increased, and the interaction between b-catenin and TCF4 was significantly increased in rLV-miR372 group compared to rLV group. (2) Excessive miR372 enhanced the binding of LEF/TCF4 probe to b-catenin compared to control. However,YB-1 knockdown fully abrogates this action of miR372. (3) LEF/TCF4 luciferase activity was significantly increased in rLV-miR372 group compared to the rLV group. (4) The loading of LEF or TCF4 on PKM2 promoter region was significantly increased in rLV-miR372 group compared to the rLV group. (5) The PKM2 promoter luciferase activity was significantly increased; however, b-catenin knockdown fully abrogated the action of miR372. (6) Both PKM2 mRNA and PKM2 protein significantly increased in rLV-miR372 group compared to the rLV group; however, b-catenin knockdown abrogated the functions of miR372. (7) GlycoPER is significantly increased in rLV-miR372 group compared to the rLV group; however, b-catenin knockdown abrogates the functions of miR372. It is well known that PKM2 catalyzes the last step of glycolysis and plays an important role in tumor cell proliferation. Recent studies have reported that PKM2 also regulates apoptosis by stabilizing Bcl2. 43 PKM2 is a key kinase of glycolysis and is characteristic of all proliferating cells and promotes cell migration and inhibits autophagy by mediating phosphatidylinositol 3-kinase (PI3K)/AKT activation and contributes to the malignant development of gastric cancer. 44 Moreover, small molecule activators of PKM2 suppress tumor formation. 45 On the other hand, PKM2 has been thought to favor cell proliferation 46 and differentiation. 47, 48 Figure 8. Rescued erbB-2 Abrogates Oncogenic Action of miR372 (A) Western blotting analysis with anti-erbB-2, anti-CDK2, and anti-DNMT1 in liver cancer cell line Hep3B cells infected with rLV, rLV-miR372, and rLV-miR372 plus pGFP-V-RS-erbB-2, respectively. b-actin as internal control is shown. (B) coIP with anti-CDK2 followed by western blotting with anti-cyclin E in the Hep3B cells infected with rLV, rLVmiR372, and rLV-miR372 plus pGFP-V-RS-erbB-2, respectively, is shown. IgG IP as negative control is shown. INPUT refers to western blotting with anti-CDK2. (C) Proliferation assay was performed using the CCK8. Data are means of value from three independent experiments; mean ± SEM. **p < 0.01; *p < 0.05. (D) Cell BrdU assay is shown. Data are means of value from three independent experiments, mean ± SEM. **p < 0.01; *p < 0.05. (E) (Upper) The photography of colonies from the cell lines indicated in left is shown. (Lower) Cell plate colony formation ability assay is shown. Data are means of value from three independent experiments, mean ± SEM. **p < 0.01; *p < 0.05. (F) The xenograft tumors weight (gram) in the three groups is shown. Data were means of value from six BALB/c mice; mean ± SEM; n = 6; *p < 0.05; **p < 0.01. (G) The xenograft tumors appearance time (days) in the three groups is shown. Data were means of value from six BALB/c mice; mean ± SEM; n = 6; *p < 0.05; **p < 0.01. (H) (a) A portion of each xenograft tumor was fixed in 4% formaldehyde and embedded in paraffin, and the micrometers of sections (4 mm) were made for H&E staining and PCNA staining (original magnification Â100). (b) PCNA and Ki67 positive rate is shown. Strikingly, our results indicated that miR372 promotes the erbB-2 through PKM2 epigenetically. Our findings in this study provide novel evidence for an active role of miR372 in this action. This assertion is based on several observations. (1) The interaction between PKM2 and histone H3 was significantly increased in rLV-miR372 group compared to rLV group. (2) The interaction between DHAC and histone H3 was significantly decreased and the interaction between HAT and histone H3 was significantly increased in rLV-miR372 group compared to rLV group. (3) The expression of both pH3T11 and H3K9Ac was significantly increased in rLV-miR372 group compared to rLV group. However, the expression of neither pH3T11 nor H3K9Ac is significantly altered in liver cancer cells Hep3B cell lines infected with rLVmiR372 plus pGFP-V-RS-PKM2 compared to rLV group. (4) The loading of H3K9Ac on the promoter region of erbB-2 is significantly increased in rLV-miR372 group compared to rLV group. (5) The erbB-2 promoter luciferase activity is significantly increased in rLV-miR372 group; however, PKM2 knockdown fully abrogated the action of miR372. (6) Both erbB-2 mRNA and protein are significantly increased in rLV-miR372 group compared to rLV group. However, the expression of neither erbB-2 mRNA nor erbB-2 protein is significantly altered in liver cancer cells Hep3B cell lines infected with rLV-miR372 plus pGFP-V-RS-PKM2 compared to rLV group. A study indicates that H3K9Ac mediates a switch from transcription initiation to elongation. 49 Furthermore, histone modifiers and marks define heterogeneous groups of colorectal carcinomas and affect responses to histone deacetylase (HDAC) inhibitors in vitro. 50 Recent studies showed that the rate-limiting glycolytic enzyme, PKM2, directly phosphorylates H3 at threonine 11 (H3T11) to regulate gene expression and cell proliferation and glycolysis regulates H3T11 phosphorylation by fueling the substrate, phosphoenonylpyruvate, and the coactivator, FBP, to Pyk1. 51 Importantly, our results indicated that erbB-2 knockdown abrogates oncogenic action of miR372. This assertion is based on several observations. (1) The interaction between CDK2 and cyclin E was significantly increased in rLV-miR372 group compared to rLV group, and the interaction between CDK2 and P21/WAF1/Cip1 was significantly decreased in rLV-miR372 group compared to rLV group. However, erbB-2 knockdown fully abrogated this miR372 function. (2) Excessive miR372 significantly increased the growth of liver cancer cell compared to the control cells. However, excessive miR372 plus erbB-2 knockdown or plus YB-1 knockdown could not significantly alter the growth ability of liver cancer cells compared to rLV group. Moreover, excessive miR372 significantly increased the BrdU positive rate compared to the control cells. However, excessive miR372 plus erbB-2 knockdown or plus YB-1 knockdown could not significantly alter the BrdU positive rate of liver cancer cells. (3) Colony formation efficiency rate is significantly increased in excessive miR372 group; however, excessive miR372 plus erbB-2 knockdown or plus YB-1 knockdown could significantly not alter the colony formation rate of liver cancer cells. (4) When miR372 is overexpressed, the average xenograft tumor weight increased approximately three-fold compared to the corresponding control group; however, excessive miR372 plus erbB-2 or plus YB-1 knockdown could not significantly alter the xenograft tumor weight. It is well known that the erbB family is unique among the various groups of receptor tyrosine kinases (RTKs) in that erbB3 has impaired kinase activity, whereas erbB-2 does not have a direct ligand. The overexpression and over-activation of erbB receptors are correlated with poor prognosis, drug resistance, cancer metastasis, and lower survival rate. erbB receptors, especially epidermal growth factor receptor (EGFR) and erbB-2, have been the primary choices as targets for developing cancer therapies. 52 erbB-2-positive mammary tumors can escape PI3K-p110a loss through downregulation of the PTEN tumor suppressor. 53 Moreover, erbB-2 signaling epigenetically suppresses miR-205 transcription via the Ras/Raf/MEK/ERK pathway, 54 and HCaRG/COMMD5 inhibits erbB-receptor-driven renal cell carcinoma. 55 Moreover, ERRF sensitizes erbB-2-positive breast cancer cells to lapatinib treatment likely by attenuating MCL1 and ERBB2 expression. 56 In addition, overexpression of erbB-2 has been implicated in the pathogenesis of cholangiocarcinoma, suggesting that combined erbB-2 targeting might serve as a target-based therapeutic strategy for this highly lethal cancer. 57 In addition, a report suggests that erbB-2/beta-catenin upregulation contributes importantly to the mechanism of HBxAg-mediated hepatocellular carcinoma growth. In the present study, we clearly indicate that miR372 inhibits the interaction between P21 (WAF1/Cip1) and CDK2 and increases the interaction between CDK2 and cyclin E and enhanced the expression of DNMT1. It is well known P21 (CiP1/WAF1) acts a suppressor in the early stage of cancer invasiveness. 59 Inhibition of p21 (WAF1/ CIP1) promotes carcinogenesis. 60 Furthermore, lower p21WAF1/ cip1 is associated with cancer recurrence and poor prognosis. 61, 62 The p21 effect on the cells to response to gefitinib was further confirmed by p21 overexpression and knockdown studies, pointing to a requirement of p21 for the cells sensitive to gefitinib. 63 Furthermore, our present results show that miR372 oncogenic action is associated with CDK2 and cyclin E activity. It is well known that CDK2 regulates and controls cell cycle progression through several signaling pathways, e.g., EGF-ELK4/c-Fos pathway. 64 Of significance, specific cyclin E/CDK2 inhibitors can block tumor progression. 65 The G(0)/ G(1) arrest was attributed to a decreased expression of cyclin D1, cyclin E, CDK2, and CDK6, especially the upregulation of p21. 66 In addition, our results show that miR372 enhances the expression of DNMT1, consistent with some reports, e.g., TGF-b-mediated repression of MST1 by DNMT1 promotes glioma malignancy 67 and lncRNA SNHG1 promotes DNMT1 expression, which facilitates the gastric cancer proliferation. 68 
Conclusions
The present study indicates a novel evidence for miR372 in hepatocarcinogenesis, which may have potential therapeutic significance. Alteration of the expression of miR372 may also mediate changes to affect gene expression and contribute to hepatocarcinogenesis. Blocking miR372 might represent a promising treatment strategy targeting tumors.
MATERIALS AND METHODS
Cell Lines and Plasmids
Human hepatoma cell lines Hep3B and Huh7 were obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). These cell lines were maintained in DMEM (Gibco BRL Life Technologies) supplemented with 10% fetal bovine serum (Gibco BRL Life Technologies). Lentivirus rLV-miR and rLV-miR372 were purchased from Wu Han Viral Therapy Technologies. pGFP-V-RS, pGFP-V-RS-YB1, pGFP-V-RS-b-catenin, and pGFP-V-RS-erbB-2 were purchased from Origene (Rockville, MD, USA). pGFP-V-RS-HULC was prepared by our lab.
RT-PCR
Total RNA was purified using Trizol (Invitrogen) according to manufacturer's instructions. Primers include as follows: PKM2 promoter (P1: 
MicroRNA Detection
Total RNA was isolated from cultured cells using Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Realtime RT-PCR-based detection of mature miR372 and U6 small nuclear RNA (snRNA) was achieved with the miRNA Detection kit (including a universe primer and U6 primers; QIAGEN) and miR372-specific upstream primers (5 0 -CCTCAAATGTGGAGCAC TATTCT-3 0 ).
coIP
Cell protein is precleared with 30 mL protein G/A-plus agarose beads (Santa Cruz Biotechnology, CA) for 1 hr at 4 C. Precleared homogenates were incubated with antibody and/or normal mouse/rabbit immunoglobulin G (IgG) with rotation for 4 hr at 4 C. The immunoprecipitates were incubated with 30 mL protein G/A-plus agarose beads by rotation overnight at 4 C and then centrifuged at 3,000 rpm for 5 min at 4 C. The precipitates are washed five times for 10 min with beads wash solution. Western blotting was performed with related antibodies.
RNA Immunoprecipitation
Ribonucleoprotein-particle-enriched lysates are incubated with protein A/G-plus agarose beads (Santa Cruz Biotechnology, CA) together with the antibody or normal mouse or rabbit IgG for 4 hr at 4 C. Beads were subsequently washed four times with 50 mM Tris-HCl (pH 7.0), 150 mM NaCl, 1 mM MgCl 2 , and 0.05% NP-40 and twice after addition of 1M urea. Total RNA is isolated from immunoprecipitates and then RT-PCR was performed.
ChIP Assay
Cross-linked cells were washed with PBS, resuspended in lysis buffer, and sonicated. Chromatin extracts are precleared with protein-A/GSepharose beads and then immunoprecipitated with antibodies on protein-A/G-Sepharose beads. After washing, elution, and de-crosslinking, the ChIP DNA was detected by PCR.
Super-EMSA (Gel-Shift)
Cells were washed and scraped in ice-cold PBS to prepare nuclei for electrophoretic gel mobility shift assay with the use of the gel shift assay system modified according to the manufacturer's instructions (Promega).
Dual Luciferase Reporter Assay
Cells were transiently transfected with luciferase construct with the use of Lipofectamine 2000 (Invitrogen). After incubation for 36 hr, the cells were harvested with passive lysis buffer, and luciferase activities of cell extracts were measured with the use of the Dual Luciferase Assay system (Promega) according to manufacturer's instructions.
Cell Proliferation CCK8 Assay
The cell proliferation is measured using CCK8 Assay kit according to the manufacturer's instructions (Boshide, Wuhan, China).
Colony Formation Efficiency Assay
Cells were plated on dishes, and the DMEM containing 10% FBS was added into each dish. Cell colonies on the dishes were stained with 0.5% Crystal Violet for more than 1 hr, and the colonies were counted.
Xenograft Transplantation In Vivo
Four-week-old athymic Balb/C mice were purchased from Shi Laike Company (Shanghai, China) and maintained in the Tongji animal facilities approved by the China Association for Accreditation of Laboratory Animal Care. The athymic Balb/C mice were injected in the armpit area subcutaneously with liver cancer cells. The mice were observed four weeks and then sacrificed to recover the tumors.
Statistical Analysis
The significant differences between mean values were obtained from at least three independent experiments. Each value was presented as mean ± SEM. Student's t test was used for comparisons, with p < 0.05 or p < 0.01 considered significant.
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